A wide tunable long-wavelength A1GaAs/GaAs quantum well intersubband photodetector is theoretically analyzed for various stages of interdiffusion. Both the absorption strength and responsivity are enhanced for certain extents of interdiffusion and the peak detection wavelength can be red shifted continuously over a large tunable range. The dark current increases with interdiffusion but is acceptable for smaller diffusion extent.
Introduction
In recent years, devices based on intersubband absorption have been the subject of numerous studies and its potential applications for infrared (IR) detection,' moduclation,2 and no-linear devices3 have been investigated. Owing to the mature of Ill-V materials and processing technologies, there has been much progress in quantum well infrared photodetectors (QWlPs). '7 The principal operation parameters of QW, such as quantized energy levels, are determined by the QW confinement profile and which depend on the dimension and alloy composition of the well and barrier. However, the designed QW structure may not always turn out to be expected after growth due to the inhomogeneities in well width, the non-constant growth rate of the GaAs and AlAs, or the failure in precisely controlling the evaporation rate of Ga and Al during growth. These may lead to a lower yield rate since the electronic and optical properties of a QW requires a fairly precise accuracy. On the other hand, interdiffusion provides a means to offer the flexibility to modify the properties of the material after growth. It has been demonstrated that the intersubband transition energy in a partially diffused quantum well (DFQW) can be red shifted8 and postgrowth tuning of the peak detection wavelength can be achieved in QW JRdetectors using rapid thermal annealing.9 In this letter, we present the advantage of using the DFQW to modify the intersubband optical spectrum, such as absorption peak wavelength and spectral width. We will also demonstrate enhanced performance of the DFQW photodetector in absorption and responsivity with a wide tunable detection wavelength from 7 to 38.4 .tm. The red shift of the peak can be related to the variation of DFQW profile during interdiffusion.
Model
DFQW is formed by the interdiffusion ofAl and Ga atoms across the well and barrier interface at a certain time and high enough temperature. The extent of interdiffusion is characterized by the diffusion length Ld=(Dt), where D is diffusion coefficient and t is diffusion time. The as-grown square QW is defined by Ld = 0 and a small value of Ld corresponds to a slightly interdiffused QW, while a large value of Ld corresponds to an extensively interdiffused QW. The diffused Al composition profile, w(z), across the QW structure is given by1°1 Si and the material are interdiffused with different diffusion extents. The model of intersubband-band absorption in the QWs is based on the one-electron density matrix formulation" with P-polarized incident photon, i.e. the electric field vector E of the incident optical wave is oriented along the QW confinement direction (z axis) and takes into account the intrasubband relaxation. The absorption coefficient, a, is given by
where o is the photon frequency, is the penneability of the material, c0 is the light velocity, L is the well width, m* is the effective mass of electron, s. is the permitivity in vacuum, Mjf 2 is the dipole matrix elements, nT=3 .2 is the is the refractive index and 'Cjf =90 fs is the intrasubband relaxation time. '2 The responsivity, 9, is defined as the ratio between the output signal and the radiant input and is given by5 RM= j;e;;gfl(o)P
where
is the quantum efficiency and the factor 2 accounts for the increased absorption due to the reflection off the top metallic contact,4 a is the absorption coefficient, g= Lu is the optical gain where L is the hotelectron mean free path, and 1 is the device length and Pe=(1 + c/cr)1 is the tunneling escape probability where te 5 the escape time from the vicinity of the well and ; is the recapture time. The factors g=O.5
and P= 0.8 are taken for bound-to-continuum transition and g=O.3 and e= 0.5 for bound-to-bound transition for simplicity of calculation.
The dark current is calculated by'
where A is the detector area, e is the electronic charge, vAv) is the conduction band drift velocity and is given by
where F is the average field, v= 5x10 is the saturation drift velocity and t= 1200 cm2/Vs is the mobility. n is the carrier density laying above the barrier conduction band edge and is given by
where L is the DFQW period, V is the potential drop across a period, E is the total energy, E0 is the ground state energy, f (E) = {1 + exp(E -E0 -EF)/kT]' is the Fermi factor, E is the two-dimensional Fermi level, p(E) is the two dimensional density of state in the QW, and T(E,V) is the bias-dependent tunneling probability through a single barrier and was calculated using the WKB method. In our calculation, T(E,V)= 1 is taken for E > V0, where V0 is the barrier height and for different energy range,
for V0 -eV <E <V0 and
for E0 <E <V0 -eV
Results and Discussion Fig. 1 shows the room temperature intersubband absorption peak, a, for sample 1 and Fig. 2 for sample 2, with several Ld ranging from 0 to 40 A. It can be seen that the absorption peak increases for both samples, from a,= 369 cm' ( Ld = 0, i.e. an as-grown square QW where the first excited state is in the continuum) to a,= 4297 cm' (Ld=20 A ) for sample 1 and from a, 4653 cm' (Ld= 0) to a,= 5005 cni' (''d15 A) for sample 2, and then followed by a gradual monotomc decrease. The large enhancement in absorption strength is due to the fact that as interdiffusion proceeds, the intermixing of Al and Ga will result in a graded well shape where the ground state energy, first excited state energy, and the barrier height will be modified as shown in Fig. 3 and Fig. 4 . For sample 1 at Ld= 20 A, the first excited state is localized and bound in the DFQW at about 1 1 meV below the top of the well, whose envelope wave function strongly overlaps with the ground state one and results in a larger oscillator strength. The same occurs to sample 2 at Ldl5 A where the first excited state is about 12 meV below the top ofthe well even though the sample has been designed to have two bound states in the well, which may give a larger oscillator strength. Our result shows that the largest absorption strength may occur only when the first excited state has been modified by interdifflision to the right position. This is consistent with the theory that the largest oscillator strength occurs when the first excited state is close to the top of the well'3"4 which leads to an improved absorption strength. It is interesting to note that even though the ground state energy increases with Ld at the initial stage of interdifflision, the intersubband transition energy shows no abrupt change but a monotonic red-shifts to longer wavelength and almost saturated at Ld= 40 A, as shown in the insert of Fig. 3 and 4 . This phenomenon agrees well with the experimental data7 although derails of the ground stated variation has not been shown there. Note also that the absorption peak of sample 2 decreases at Ld= 5 A. This is because at the initial stage of interdiffusion, the effective well width at the top of the DFQW increases so that the first excited wave function spreads broader in the well, which gives a smaller dipole matrix element and, hence, a smaller absorption strength. For a larger interdifflision extent (Ld > 25 A) the DFQW begins to 'flatten' out with a wider effective well width and a lower barrier height, where the wave function extends far into the barrier. This reduces the quantum confinement effect and consequently a high probability for charges transfer out ofthe well, and which leads to a reduced absorption strength, as shown in Fig. 1 and 2 . Fig. 5 shows the calculated responsivity spectra of sample 1 for a 10 kV/cm electric field at 77 K and different Ld. It can be seen that the responsivity spectrum increases in amplitude and narrows in linewidth as Ld increases to 20 A. As interdiffusion proceeds further, it reduces in amplitude while the linewidth becomes broader again. The peak responsivity red-shifted through out the range of interdiffusion considered here. Note that the response spectra remain broader for Ld smaller than 10 A. This is due to the bound-to-continuum transition where the first excited state remains above or at almost the same height as the barrier, and its wave function spreads over the continuum. For Ld larger than 10 A, the first excited state becomes more localized and bound within the DFQW. The transition is now bound-to-bound which leads to a larger oscillator strength and narrower linewidth as shown in Fig. 5 . The broadening of the spectra at even larger Ld is due to the flattening of the well shape, thus gradually losing its quantum confinement. With an applied field, the barrier height will be further reduced and this makes the DFQW even more flattened and bulk-like in nature, and which leads to a smaller oscillator strength. The lowering of the barrier height reduces the tunneling time of the photoexcited electron out f the well which contributes to the broadening effect.5 Since the time constant in our model is fixed, we exclude this mechanism.
Dark current is analyzed here for sample 1 for different Ld at T= 77 K, as shown in Fig. 6 . The dark current is increased by about 8 orders as Ld increases from 0 to 40 A. However, the rate of increase of dark current decreases with increasing Ld. This is not surprising because the barrier height decreases with increasing L, as shown in Fig. 3 . Since tunneling through the top of the barrier is the major contribution to the dark current, the lowering of the barrier will assist the non-photoexcited electron to tunnel out of the well. This agrees well with experimental report6 by varying both the well and bather thickness of square QWs. Note that the dark current of Ld= 0 and 5 A does not overlap but differs by an order even though they are of the same barrier height. This is owing to the increase of ground state energy which is due to a narrower effective well width of the DFQW profile during the initial stages of interdiffusion, as shown in Fig. 3 . The dark current increase linearly for bias > 1 V. Since the bottom of the square well will be changed gradually into a graded shape by interdifflision, this will add to the barrier effectively an additional thickness to impede the tunneling of electrons so that the dark current will increase with a smaller gradient.
Conclusion
In summary, we have reported a wide tuning range and an enhanced performance DFQW photodetector at various Ld. Absorption strength as well as responsivity can be enhanced and the detection wavelength can be tuned by modifying the energy levels of the QW through interdiffusion. Dark current increases by a few order with interdiffusion due to the lowering of the bather height. But for Ld < 15 A (sample 1) and small bias, the dark current is at an acceptable level for infrared detection applications. Optimizing the design of the DFQW will be able to reduce the dark current at larger Ld. 
